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(54) Operational amplifier with digital offset calibration 



(57) An operational amplifier (10) includes transis- 
tors (1 8a, 1 Bb f 1 8c, 1 Bd, 1 Be) for providing a controlled 
current path. At least some of the transistors (1 Ba, 1 8b) 
are in isolated wells (6) in a substrate. Offset of the 
operational amplifier (10) is corrected by applying a 
back gate bias voltage to at least one isolated well (6) 
and changing impedance of the transistors. The proper 



back gate bias voltage and transistor impedance are 
determined by incrementally adjusting the back gate 
bias voltage and then incrementally adjusting the tran- 
sistor impedance. Calibration values are stored in regis- 
ter memory (44a to 44e, 62a to 62e). Such calibration 
may be performed by an auto offset calibration process. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The invention relates to operational amplifi- 
ers. More specifically, the invention relates to offset 
error calibration in an operational amplifier. 
[0002] There are many different uses for opera- 
tional amplifiers. For example, operational amplifiers 
may be used as unity gain amplifiers and trans imped- 
ance amplifiers. They may also be used as direct injec- 
tion charge amplifiers. 

[0003] Offset error can be an important issue in the 
design of operational amplifiers. For instance, the out- 
put of a typical unity gain amplifier without offset error 
correction is vo=vi+ofst , where vi is the input voltage, 
ofst is the offset voltage and vo is the output voltage. 
The output of a typical direct injection charge amplifier 
without error offset correction is vo = v+ofst , where v is 
a prescribed voltage. 

[0004] The source of offset error may arise from the 
physical design of the operational amplifier or it may 
arise from process variations. Circuit thresholds, the 
mismatch of device sizes, and circuit operating condi- 
tions are all sources of offset error. Physical size varia- 
tions inherent in the process of integrated circuits and 
process parameter variations are sources of offset error 
that come from manufacturing processes and are basic 
limitations of the process technology. In CMOS opera- 
tional amplifiers, threshold voltage process variations 
provide a major source of offset error. 
[0005] Different analog techniques for calibrating 
offset error have been suggested. One analog tech- 
nique involves correct transistor sizing and careful phys- 
ical layout to minimize the basic offset parameters. Even 
with an optimal design, however, offset correction by 
design alone might not be good enough to hold the off- 
set voltage to within tens of micro-volts. 
[0006] Another analog technique involves the use 
of a switched capacitor circuit for correcting offset error. 
A typical switched capacitor circuit uses a high gain 
operational amplifier to correct for differential amplifier 
offsets. One disadvantage of this circuit is the use of a 
large offset correction capacitor to sample and hold off- 
set correction data. The capacitor is made large to min- 
imize leakage and decay effects. Fabrication of the 
large capacitor also involves special IC process steps 
and a considerable amount of circuit area. Also, a con- 
trol requirement to hold the offset voltage to within tens 
of micro-volts results in a very high refresh rate. 
[0007] Yet another technique involves analog con- 
trolled offset calibration. Differential current modification 
is described as a 'nulling input port circuit' in Enz and 
Gabor; "Circuit Techniques for Reducing the Effects of 
Op-Amp Imperfections: Autozeroing, Correlated Double 
Sampling, and Chopper Stabilization"; Proceedings of 
the IEEE, Vol. 84, No 11, November, 1996, page 1597. 
Gm modification is described as correction with a 'pro- 
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grammable current mirror' in Yu and Geiger, "Nonideal- 
ity Consideration for High-Precision Amplifier - Analysis 
of Random Common Mode Rejection Ratio"; IEEE 
Transactions on Circuits and Systems; Vor 40, No 1 ; 

5 January 1993; pages 1-12. With both of these analog 
techniques, special analog circuitry is used to generate 
analog control signals. Additional circuits are used to 
sample and store the analog control signals. Normal cir- 
cuit leakage currents result in analog control signal data 

io being refreshed frequently. In gm modification and dif- 
ferential current modification, the analog control tech- 
niques are subject to the same sample and hold 
limitations as the switched capacitor technique. 

75 SUMMARY OF THE INVENTION 

[0008] According to one aspect of the invention, 
digital offset calibration is performed by an integrated 
circuit having a calibration mode of operation and a nor- 

20 mal mode of operation. An operational amplifier of the 
integrated circuit includes a plurality of transistors, some 
of which are in isolated wells in a substrate. The transis- 
tors provide a controlled current path. A programmable 
calibration circuit of the integrated circuit is responsive 

25 to a digital value. The calibration circuit may provide a 
back gate bias voltage to at least one of the isolated 
wells in the substrate and/or adjust impedance of the 
transistors providing the controlled current path. Level 
of the back gate bias voltage and an amount of imped- 

30 ance adjustment are determined by the digital value. 
[0009] The integrated circuit further includes a test 
circuit operable during the calibration mode. The test 
circuit includes a test signal source and a number gen- 
eratorfor providing a plurality of different numbers to the 

35 calibration circuit while an input signal is being supplied 
to an input of the operational amplifier. The operational 
amplifier provides an output signal in response to the 
input signal. 

[0010] The integrated circuit also includes memory 
40 for storing a digital value that causes the output signal to 
be within a desired limit of the test signal during the cal- 
ibration mode. The memory provides the stored value to 
the calibration circuit during the normal mode of opera- 
tion. 

45 [0011] Other aspects and advantages of the 
present invention will become apparent from the follow- 
ing detailed description, taken in conjunction with the 
accompanying drawings, illustrating by way of example 
the principles of the invention. 

so 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0012] 

55 Figure 1 is an illustration of a direct injection charge 
amplifier having digital offset calibration; 
Figure 1a is an illustration of a charge amplifier 
transistor in an isolated well in a substrate; 
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Figure 2 is an illustration of a coarse calibration cir- 
cuit for the amplifier of Figure 1; 
Figure 3 is an illustration of a fine calibration circuit 
for, the amplifier of Figure 1 ; 

Figure 4 is an illustration of a control circuit for the 
amplifier of Figure 1; 

Figure 5 is a flowchart of a method of calibrating the 
amplifier for offset error; 

Figure 6 is a flowchart of a method of operating the 
amplifier during a normal mode; 
Figure 7 is an illustration -of a device Including mul- 
tiple direct injection charge amplifiers; and 
Figure 8 is an illustration of an alternative embodi- 
ment of the amplifier of Figure 1 . 

DETAILED DESCRIPTION OF THE INVENTION 

[0013] As shown in the drawings for purposes of 
illustration, the present invention is embodied in an inte- 
grated circuit including a direct injection charge ampli- 
fier having digital offset calibration. Because calibration 
is performed digitally, calibration data does not drift with 
normal leakage currents. Therefore, the use of special 
analog components (e.g., low leakage transistors, resis- 
tors and linear capacitors) is avoided. Moreover, the off- 
set correction can be performed by an auto-calibration 
process. Additionally, the digital offset correction cor- 
rects for errors in current steering circuitry and other cir- 
cuits forming a part of the input current path of the direct 
injection charge amplifier. 

[0014] Reference is made to Figure 1 , which shows 
a circuit 1 0 including a direct injection charge amplifier 
12, a coarse calibration circuit 14 and a fine calibration 
circuit 16 formed on a substrate. The charge amplifier 
12 includes a PMOS differential amplifier. First, second 
and third PMOS transistors 18a, 18b and 18e andfirst 
and second NMOS transistors 1 8c and 1 8d of the differ- 
ential amplifier provide a controlled current path. The 
substrate is common to the NMOS transistors 18c and 
1 8d. However, the PMOS transistors 1 8a and 1 8b are in 
isolated N-type wells in the substrate. A PMOS transis- 
tor in an isolated well 6 in a substrate 8 may be formed 
by two P-type diffusions 4a and 4b bridged by an oxide 
barrier 5 and covered by a gate electrode 7 (see Figure 
1a). An N-type diffusion 4c in the well 6 is used as a 
contact to the well 6 (Again, see Figure 1a). These N- 
type diffusions allow the back gate bias of the first and 
second PMOS transistors 18a and 18b to be controlled. 
Arrows extending through gates of the PMOS transis- 
tors 18a and 18b schematically represent connections 
to the substrate. 

[001 5] The differential amplifier is followed by a sec- 
ond stage amplifier circuit including two transistors 20a 
and 20b for boosting the gain so that the output can be 
controlled to a desired value when the feedback loop is 
closed. The feedback loop includes the first PMOS tran- 
sistor 18a, followed by the second stage operational 
amplifier circuit 20a and 20b and a current source tran- 



sistor 26. The feedback signal is the output voltage Vout 
and the loop is closed when the output voltage Vout is 
applied to the gate of the first PMOS transistor 1 8a. 
[0016] As a consequence of working with a high 

5 gain amplifier, closed loop stability becomes an issue. 
Frequency compensation components (a resistor- 
capacitor compensation circuit 22, 24) controls the sta- 
bility of the second stage operational amplifier circuit by 
reducing high frequency gain of the second stage ampli- 

10 fier circuit and thereby preventing the closed loop oper- 
ational amplifier from going unstable. 
[0017] The direct injection charge amplifier 12 fur- 
ther includes the current source transistor 26, which has 
a gate coupled to an output of the R-C circuit 22/24 and 

is a drain-source path coupled to an input of the differen- 
tial amplifier. In the normal operation mode, the circuit 
1 0 senses and controls the output voltage Vout to a pre- 
scribed value by adjusting the current in the current 
source transistor 26 and then holding the current in the 

20 current source transistor 26 constant during a period of 
time. 

[0018] The coarse calibration circuit 14 performs 
coarse offset correction during a normal mode of oper- 
ation. The coarse calibration circuit 14 performs the 

25 coarse correction by applying a back gate bias voltage 
Vcc+ and Vcc- to the isolated wells of the first and sec- 
ond PMOS transistors 1 8a and 1 8b. The level of the 
back gate bias voltage Vcc+ and Vcc- is. set according 
to a first digital number, which is stored in the coarse 

30 calibration circuit 1 4. The sensitivity of the offset voltage 
to back gate voltage variations can be rather large. 
Therefore, applying the back gate bias voltage Vcc+ 
and Vcc- is better suited for making coarse corrections 
to the offset voltage. 

35 [0019] The fine calibration circuit 16 performs fine 
offset correction during the normal mode of operation. 
The fine correction is performed by adjusting imped- 
ance of the transistors 1 8a, 1 8b, 1 8c, 1 8d and 1 8e in the 
differential amplifier. The amount of the impedance 

40 adjustment is determined by a second digital number, 
which is stored in the fine calibration circuit 16. 
[0020] Reference is now made to Figure 2, which 
shows the coarse calibration circuit 14 in greater detail. 
The coarse calibration circuit 14 includes a pair of pro- 

45 grammable voltage dividers 28 and 36 for developing 
the back gate bias voltage Vcc-h and Vcc- for the iso- 
lated wells of the PMOS transistors 1 8a and 1 8b. Each 
voltage divider 28 and 36 is connected between a 
source of operating potential (VDD) and a reference 

so potential (GND). 

[0021] The first voltage divider 28 is shown, by way 
of example, as being formed by upper and lower transis- 
tors 30 and 32, and four middle transistors 34a, 34b, 
34c and 34d having different drain-source path resist- 

55 ances. The numbers 10/1, 1/10, 2/10, 4/10 and 8/10 
represent transistor length to width size the for voltage 
divider. Transistor size variations set the voltage divider 
ratios. Turning ON different combinations of the middle 



5 



EP 1 104 092 A2 



6 



transistors 34a, 34b, 34c and 34d will change the volt- 
age drop Vcc+ between a first node X and ground GND. 
This voltage drop Vcc+ is applied to the isolated well of 
the first PMOS transistor 1 8a. 

[0022] The second voltage divider 36 also includes 
upper and lower transistors 38 and 40, and four middle 
transistors 42a, 42b, 42c and 42 d having different drain- 
source path resistances. Turning ON different combina- 
tions of the middle transistors 42a, 42b, 42c and 42d will 
change the voltage drop Vcc- between a second node Y 
and ground GND. This voltage drop Vcc- is applied to 
the isolated well of the second PMOS transistor 1 8b. 
[0023] During the normal mode of operation, the 
middle transistors 34a, 34b, 34c, 34d, 42a, 42b, 42c and 
42d are turned ON and OFF according to a first number 
stored in a first group of static latches 44a, 44b, 44c and 
44d. A fifth latch 44e controls the lower transistors 32 
and 40 so that either positive or negative correction is 
performed. The coarse calibration circuit 14 shown in 
Figure 2 can control the back gate bias voltage Vcc+ 
and Vcc- to as many as 2 5 different levels. 
[0024] Thus, the first number determines the back 
gate bias voltage Vcc+ and Vcc- applied to the isolated 
wells of the first and second PMOS transistors 18a and 
1 8b. The static latches 44a, 44b, 44c and 44d are unaf- 
fected by circuit noise or leakage. 
[0025] Reference is now made to Figure 3, which 
shows the fine calibration circuit 16 in greater detail. 
The fine calibration circuit 1 6 includes first and second 
programmable circuits 46 and 48 which combine with 
the first and second NMOS transistors 18c and 18d, 
respectively, to form first and second current mirrors. 
The programmable circuit 46 is shown, by way of exam- 
ple's being formed by a first pair of transistors 50 and 
52, and four middle transistors 54a, 54b, 54c and 54d 
having different drain-source path resistances. Turning 
ON different combinations of the middle transistors 54a, 
54b, 54c and 54d will change the impedance levels in 
the first current mirror. 

[0026] The second current mirror 48 is. also shown, 
by way of example, as being formed by a second pair of 
transistors 56 and 5B, and four middle transistors 60a, 
60b, 60c and 60d having different drain-source path 
resistances. Turning ON different combinations of the 
middle transistors 60a, 60b, 60c and 60d will change the 
impedance level in the second current mirror. 
[0027] During the normal mode of operation, the 
middle transistors 54a, 54b, 54c, 54d, 60a, 60b, 60c and 
60d are turned ON and OFF according to a second 
number stored in a second group of static latches 62a, 
62b, 62c and 62d. 

[0028] A fifth latch 62e controls the transistors 52 
and 58 so that either positive or negative correction is 
performed. The fine calibration circuit 16 shown in Fig- 
ure 3 can control the transistor impedance to as many 
as 2 5 different levels. 

[0029] Thus, the second number determines the 
impedance of the transistors 18a, 18b, 18c, 18d and 



18e in the differential amplifier. The static latches 62a, 
62b, 62c and 62d are unaffected by circuit noise or leak- 
age. 

[0030] Reference is once again made td Figure 1. 

5 The integrated circuit 10 further includes a calibration 
control 64, a test current source 66 and a counter 6B for 
determining the first and second numbers that should 
be stored in the coarse and fine calibration circuits 14 
and 16. During a calibration mode of operation, the test 

io current source 66 supplies a test current l test to a node 
K. The magnitude of the test signal current l test may be 
selected to be approximately the value of the expected 
output signal current l out in the absence of offset error. 
[0031] At the start of the calibration mode, the 

is counter 68 begins counting from zero. The count is sup- 
plied to the latches 44a to 44e and 62a to 62e of the 
coarse and fine calibration circuits 14 and 1 6 via a con- 
trol bus A0:A5. Coarse calibration is performed when 
the most significant bit A5 of the count is low, and fine 

20 calibration is performed when the most significant bit A5 
is high. Thus, coarse calibration is performed, and then 
fine calibration is performed. Each time the count is 
incremented during coarse calibration, the level of the 
back gate bias voltage Vcc+ and Vcc- is changed. While 

25 the back gate bias voltage Vcc+ and Vcc- is being 
changed, a voltage excursion at the node K is exam- 
ined. When the test current l test is greater than the out- 
put current l out of the charge amplifier 12, the voltage 
V test at the node K is pulled high, and when the test cur- 

30 rent l test is less than or equal to the output current l out 
the voltage Vtest at the node K is pulled low. When the 
node K goes from high to low or vice-versa, the voltage 
excursion at the node K is large enough to serve as a 
logic input to CMOS logic gates in the calibration control 

35 64. When this voltage excursion occurs (that is, the new 
count causes the back gate bias voltage to change such 
that l test is less than or equal to l out ), the number that 
caused the voltage excursion is held in the latches 44a 
to 44e of the coarse calibration circuit 1 4. That number 

40 will be used to set the back gate bias voltage Vcc+ and 
Vcc- during the normal mode of operation. 
[0032] The number held in the latches 44a to 44e of 
the coarse calibration circuit 14 is also used to set the 
back gate bias voltage Vcc+ and Vcc- during fine cali- 

45 bration. As the count is further incremented (and bit 
A5=0), the number stored in the latches 44a to 44e 
does not change. After the count has reached 2 5 , the 
next increment causes the most significant bit A5 to go 
high, the remaining bits AO to A4 to go low, and the fine 

so calibration to begin. The initial level of the test current 
'test is ,ess tnan tne out P ut current l out . Each time the 
count is incremented during fine calibration, the transis- 
tor impedance is changed to a new level. When another 
large voltage excursion occurs (due to the new count 

55 causing the transistor impedance to change such that 
that 

^test ,s greater than or equal to t ou t), the number that 
caused the voltage excursion is held in the latches 62a 
to 62e of the fine calibration circuit 1 6. That number will 
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be used to set the transistor impedance during the nor- 
mal mode of operation. 

[0033] Additional reference is now made to Figure 
4. The calibration control 64 controls the sequencing 
and overall flow of the calibration. Calibration is per- 
formed only when a calibrate signal CAL is high. The 
calibrate signal CAL is high during the calibration mode 
of operation, and it is low during the normal mode of 
operation. A first inverter 70 provides the inverted cali- 
bration signal or reset calibration signal RESET_CAL 
The reset calibration signal RESET_CAL commands 
the test signal source 66 to generate the test signal l test . 
[0034] The fifth address bit A5, the most significant 
bit of the count, selects the coarse or fine calibration cir- 
cuit 14 or 16. An input of a second inverter 72 receives 
the address bit A5 and an output of the second inverter 
72 provides the signal A5b. When the single shot reset 
signal SS_RESET is low and the most significant bit A5 
is low, coarse calibration is performed. When the single 
shot reset signal SS_RESET is low and the most signif- 
icant bit A5 is high, fine calibration is performed. 
[0035] First and second single-shot latches 74 and 
76 may be used to control the sequencing of the calibra- 
tion events. The single shot latches 74 and 76 are reset 
through NAND gates 78 and 80 when the signal 
SS_RESET is high. 

[0036] An input of a third inverter B2 is connected to 
the node K. An output of the third inverter 82 provides 
the inverted signal Vtb and a fourth inverter 84 provides 
the non-inverted signal Vt. Thus, signals Vt and Vtb pro- 
vided by the third and fourth inverters 82 and 84 indicate 
whether a voltage excursion has occurred. (The proc- 
ess of testing the node K is similar for both the coarse 
and fine calibrations; however, there is an inversion in 
the test signal that is part of the transition from the 
coarse to fine calibration tests. That is why the inverter 
84 is provided; it accounts for the difference in testing 
the node K.) 

[0037] If the count starts at 0, coarse calibration 
begins with a maximum negative offset. Each count up 
to thirty one reduces the offset. Once the voltage excur- 
sion occurs, that is, the signal Vt changes from a 0 to 1 
or vice-versa, the first one shot 74 is triggered, whereby 
the count is held in the latches 44a to 44e of the coarse 
calibration circuit 14. Even as the count is further incre- 
mented, the count that corresponds to the voltage 
excursion will be held in the latches 44a to 44e. 
[0038] When the count reaches thirty two, the most 
significant bit A5 is high and the other four bits AO to A4 
are low. Thus, coarse calibration is ended, and fine cal- 
ibration begins with the maximum negative offset. Each 
subsequent increment reduces the offset. 
[0039] The calibration control 64 also filters out 
switching transients during the current comparison. A 
first input of a third NAND gate 86 is connected to the 
node K through the third inverter 82, and a second input 
of the third NAND gate 86 is supplied with a test clock 
TCLK. When the test clock TCLK is high, the results of 



the current comparison are supplied to the first one-shot 
74 during coarse calibration. Similarly, a first input of a 
fourth NAND gate 88 is connected to the node K 
through the third and fourth inverters 82 and 84, and a 

5 second input to the fourth NAND gate B8 is supplied 
with the test clock TCLK. When the test clock TCLK is 
high, the results of the current comparison are supplied 
to the second one-shot 76 during fine calibration. The 
switch transitions are restricted to the periods when the 

10 test clock TCLK is low. This allows for switching transi- 
tions and the circuit to settle to a stable value before 
testing the voltage at the node K. Thus, the third and 
fourth NAND gates 86 and 88 and the test clock TCLK 
are used to filter out switching transients and settling 

15 time effects that occur on the node K when the matching 
condition is being approached. 

[0040] Counter frequency should be slower than 
the settling time. For example, a 10 MHz counter 68, 
which has a counter period of ten microseconds, may 

20 be used if the settling time is about one microsecond. A 
counter period that is longer than ten microseconds 
would be acceptable. A shorter counter period might 
run the risk of incomplete settling, which could cause 
errors in the offset calibration process. 

25 [0041] The circuit 1 0 may be fabricated using a 0.5 
micron ASIC CMOS process. The counter 68 may be 
located off-chip, whereby the count is supplied to I/O 
pads of the chip. However, it may be desirable to move 
the counter 68 onto the chip. 

30 [0042] The test current source 66 should be on-chip 
and it should be physically close to the charge amplifier 
12. Each charge amplifier 12 is provided with its own 
test current source 66 in applications such as sensing 
MRAM memory cells, where many charge amplifiers 12 

35 may be operating simultaneously. Another reason for 
locating the test current source 66 on-chip is that the 
magnitude of the test current is small (on the order of 
0.5uA) and the current difference sensed during calibra- 
tion is on the order of nano-amps. An on-chip test cur- 

40 rent source 66 is less subject to noise for the low current 
test conditions. The test current source 66 may be con- 
trolled by an external voltage reference (Vref in Figure 
1) or the reference voltage may be generated on the 
chip. 

45 [0043] Figure 5 shows a method of performing the 
offset calibration. Test and input signals are generated 
(block 102). The input signal is supplied to an input of 
the charge amplifier. In response to the input signal, the 
charge amplifier generates an output signal. 

so [0044] Coarse calibration is performed first An ini- 
tial back gate bias voltage is applied to the isolated wells 
in the substrate (block 104). For example, the initial 
back gate bias voltage causes a large initial offset l test > 
l out . The test signal l test is then compared to the output 

55 signal l out (block 106). If there is no voltage excursion 
(block 1 08), that is, if l test > l out , the back gate bias volt- 
age is adjusted in a small steps (block 1 1 0) and another 
comparison is performed (block 106). The back gate 
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bias voltage is adjusted in small steps until a voltage 
excursion occurs, that is, until I tes t ^ 'out- Once the volt- 
age excursion occurs, a first number corresponding to 
the back gate bias voltage that caused the voltage 
excursion is stored in the coarse calibration circuit 14 
(block 112). The coarse calibration is now finished. 
[0045] Fine calibration is then performed while the 
back gate bias voltage that caused the comparison 
change is being applied to the isolated wells. An initial 
transistor impedance is selected to cause l test < l out 
(block 1 14). The test signal is then compared to the out- 
put signal (block 1 1 6). If l test < l D ut (block 1 1 8), the tran- 
sistor impedance is incrementally adjusted (block 120) 
and another comparison is performed (block 118). The 
transistor impedance is adjusted until l test > l out . Once 
the voltage excursion occurs, a second number corre- 
sponding to the transistor impedance that caused the 
voltage excursion is stored in memory (block 122). The 
fine calibration is now finished. 

[0046] Although the coarse and fine calibration 
described above began with negative offsets (l test > 
l out ) f they could have begun instead with large positive 
offsets (J test < l out ). Had the initial offset been positive for 
both coarse and fine calibration, the back gate bias volt- 
age and transistor impedance would have been stepped 
down in small, digitally controlled steps until l test £ l out . 
[0047] Figure 6 shows a method of operating the 
circuit 1 0 during a normal mode The back gate bias volt- 
age corresponding to the stored first number is applied 
to the isolated wells in the substrate (block 202), and the 
transistor impedance corresponding to the stored sec- 
ond number is selected (block 204). An input signal is 
then be applied to the operational amplifier (block 206). 
[0048] Thus disclosed is an operational amplifier 
circuit having digital offset calibration. Calibration data 
does not drift with normal leakage currents. Whereas a 
switched capacitor circuit uses a large, isolated capaci- 
tor to store the analog offset data, the circuit having dig- 
ital offset calibration stores the offset data in 
conventional CMOS static latches. Whereas the offset 
calibration data stored on the large capacitor is subject 
to degradation due to leakage currents. The latches 
hold a valid state until updated with new digital data. 
Thus, the use of special analog components such as 
low leakage transistors, resistors, or linear capacitors is 
avoided. 

[0049] Figure 7 shows an application for the opera- 
tional amplifier circuits 10: the operational amplifier cir- 
cuits 1 0 are used as direct injection charge amplifiers 
308 in an MRAM device 310. The MRAM device 310 
includes an array of memory cells 312. Traces function- 
ing as bit lines 314 extend along columns of the memory 
cells 312. Each column is a potential source of an input 
current. The bit lines 314 of multiple contiguous col- 
umns are multiplexed into a single charge amplifier 308 
by a steering circuit 316. 

[0050] The steering circuit 316 includes a set of 
switches that connect each bit line 314 to either a con- 



stant voltage source or to a charge amplifier 308. The 
steering circuit 316 further includes a column decoder. 
The column decoder selects only one switch to connect 
only a selected bit line 314 to the sense amplifier (the 

5 current steering switch). All other (unselected) bit lines 
314 are be connected to the constant voltage source. 
The constant voltage source may be supplied from an 
external circuit, and it may be used to set the output volt- 
age of the charge amplifier 308 during the calibration 

10 and normal modes of operation. 

[0051 ] An input signal on the selected bit line 31 4 is 
steered to the charge amplifier 308 and compared to the 
test current source 66. The input signal includes current 
from a selected MRAM memory cell 312 (that is, a 

15 memory cell crossed by word and bit lines that have 
been selected) and parasitic currents in the MRAM 
array. The parasitic currents in the MRAM array can 
arise from the voltage across the unselected memory 
cells 312 not being precisely equal to the applied array 

20 voltage. If the offset error is not properly calibrated, 
large parasitic currents can occur during sensing of the 
memory cells 312. These large parasitic currents can 
cause errors in sensing the resistance of the MRAM 
memory cells 312. The operation of the charge amplifier 

25 308 is to minimize the voltage difference across the 
unselected array elements. 

[0052] The charge amplifier 308 controls the volt- 
age across the memory cells 312 connected to the 
selected bit line 314, independent of a sense current 

30 flowing through the selected memory cell 312. When a 
constant voltage is applied to all memory cells 312 (that 
is an equipotential across the memory cells), variations 
in resistance do not cause a current variation across the 
remaining parallel memory cells 312 and, thus, the par- 

35 asitic sense current is made substantially less than the 
sense current. The current that flows in the charge 
amplifier 308 is directly proportional to the resistance of 
the selected memory cell 312 without having to make 
corrections or adjustments for variations in sense vott- 

40 age. 

[0053] An integrator capacitor 31 8 is charged by the 
sense current. Charge time is partly dependent upon 
the resistance of the selected memory cell 312. A sense 
amplifier (not shown) uses the charge time of the capac- 
45 itor 318 to determine the resistance of the selected 
memory cell 312. The resistance is either at a first state 
R or a second state R+AR. 

[0054] The calibration circuits 1 4, 1 6, 64 and 66, 68 
also correct for errors in the current steering circuit 31 6 

so and other circuits forming a part of the input current 
path. This effect greatly relaxes the design tolerances of 
the circuit design with respect to the sizing of current 
steering devices and multiplexer switches. 
[0055] Additional sets of steering circuits 316 and 

55 charge amplifiers 308 can receive input signals from 
other columns of memory cells (not shown). These 
additional sets can operate in parallel and independ- 
ently of one another. To access an m-bit word, up to m 
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sets of steering circuits 316 and charge amplifiers 30B 
are operated in parallel. A single control signal (not 
shown) controls all of the steering circuits 316 simulta- 
neously. 

[0056] Each charge amplifier 308 may be calibrated 
independently of the other charge amplifiers 308 in the 
MRAM device 310. However, all may be calibrated at 
the same time and may share the same set of external 
calibration and counter signals. 

[0057] Although the operational amplifier circuit 10 
may be used for sensing the resistance of MRAM mem- 
ory cells, it is not limited to such an application. Moreo- 
ver, the present invention is not limited to direct injection 
charge amplifiers. For example, Figure 8 shows a circuit 
410 including an operational amplifier 412 such as a 
unity gain amplifier or transimpedance amplifier, coarse 
and fine calibration circuits 414 and 416, a calibration 
control 464, a test signal source 466, a counter 468, and 
a circuit 469 for sensing when the output current is 
within an acceptable limit of the test current for each of 
the coarse and fine calibrations. 

[0058] The present invention is not limited to two 
stage calibration. Single stage calibration may be per- 
formed by adjusting the back gate bias voltage. Tor 
such calibration, the number of voltage dividers may be 
increased to provide a greater resolution for the back 
gate bias voltage. 

[0059] Similarly, single stage calibration may be 
performed by changing the transistor impedance. For 
such calibration, the number of transistors in the first 
and second programmable circuits 46 and 48 may be 
increased to provide a greater number of impedance 
levels in the current mirrors. 

[0060] Accordingly, the invention is not limited to the 
specific embodiments described and illustrated above. 
Instead, the invention is construed according to the 
claims that follow. 

Claims 

1. An integrated circuit (10) having a calibration mode 
of operation and a normal mode of operation, the 
circuit (1 0) comprising: 

an operational amplifier including a plurality of 
transistors (1 8a, 1 8b, 1 8c, 1 8d t 1 8e) for provid- 
ing a controlled current path, at least some of 
the transistors (18a, 18b) being in isolated 
wells (6) in a substrate (8); 
a programmable calibration circuit (14, 16), 
responsive to a digital value, for performing at 
least one of (a) providing a back gate bias volt- 
age to at least one isolated well and (b) adjust- 
ing impedance of the transistors providing the 
controlled current path, level of the back gate 
bias voltage and an amount of impedance 
adjustment being determined by the digital 
value, whereby different digital values may be 



supplied to the programmable calibration circuit 
(14, 16) during the calibration mode of opera- 
tion; 

a test circuit including a test signal source (66) 
5 for generating a test signal during the calibra- 

tion mode of operation; and 
memory (44a to 44e, 62a to 62e) for storing a 
digital value that causes an output signal from 
the operational amplifier to be within a desired 
io limit of the test signal during the calibration 

mode, the memory (44a to 44e, 62a to 62e) 
providing the stored value to the calibration cir- 
cuit during the normal mode of operation. 

75 2. The circuit of claim 1, wherein the programmable 
calibration circuit includes: 

a coarse calibration circuit (14), responsive to 
the digital value, for applying a desired back 
20 gate correction voltage to at least one isolated 

well; and 

a fine calibration circuit (1 6) for adjusting the 
impedance of the transistors providing the con- 
trolled current path, the impedance being 
25 adjusted in response to the digital value. 

3. The circuit of claim 2, wherein the test circuit further 
includes a control (64) for ending the coarse cali- 
bration when a comparison of test signal current 

30 amplitude to output current amplitude is reversed 
and for ending the fine calibration when a compari- 
son of test signal current amplitude to output cur- 
rent amplitude is reversed, the control (64) causing 
a first portion of the digital value to be stored in the 

35 memory (44a to 44e) when the coarse calibration is 

ended, the control (64) causing a second portion of 
the digital value to be stored in the memory (62a to 
62e) when the fine calibration is ended. 

40 4. The circuit of claim 3, further comprising an addi- 
tional transistor (26) having a gate coupled to an 
output of the operational amplifier, the additional 
transistor (26) having a drain-source path coupled 
to the test signal source (66), a voltage drop along 

45 the drain-source path indicating when the compari- 
son is reversed. 

5. The circuit of claim 2, wherein the coarse calibra- 
tion circuit (14) includes a plurality of first transistors 

so (30, 32, 34a to 34d, 38, 40 and 42a to 42d) forming 

a plurality of voltage dividers, the first transistors 
being selected to apply the back gate bias voltage 
to at least one isolated well; and wherein the fine 
calibration circuit includes a plurality of second tran- 

55 sistors (50, 52, 54a to 54d, 56, 58 and 60a to 60d), 
the second transistors being selected to adjust the 
impedance of the transistors providing the control- 
led current path. 
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6. The circuit of claim 2, wherein the digital value 
includes first and second numbers; and wherein the 
memory includes a plurality of first registers (44a to 
44e) for storing the first number during the calibra- 
tion mode and a plurality of second registers (62a to 
62e) for storing the second number during the cali- 
bration mode, the plurality of first registers (44a to 
44e) supplying the first number to the coarse cali- 
bration circuit (14) during the normal mode and dur- 
ing the fine calibration of the calibration mode, the 
plurality of second registers (62a to 62e) supplying 
the second number to the fine calibration circuit 
(16) during the normal mode. 



10 



The circuit of claim 6, wherein the test circuit further 75 
includes a control 64) and first and second one- 
shots (74, 76), the control (64) triggering the first 
one-shot (74) when the coarse calibration is fin- 
ished, the first triggered one-shot (74) causing the 
first number to be held in the first plurality of regis- 20 
ters (44a to 44e), the fine calibration being per- 
formed after the coarse calibration has been 
performed, the control (64) causing the second 
one-shot (76) to be triggered when the fine calibra- 
tion is finished, the triggered second one-shot (76) 25 
causing the second number to be held in the sec- 
ond plurality of registers (62a to 62e). 



8. The circuit of claim 2, further comprising a modulo 
counter (68) for providing a plurality of different dig- 
ital values to the calibration circuit (14,16) during 
the calibration mode. 
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